Broadband UHF-RFID passive tag based on split-ring resonator (SRR) and T-match network by Zamora González, Gerard et al.




 Abstract— A novel broadband design of a planar passive UHF-
RFID tag based on a split-ring resonator (SRR) antenna and the 
T-match network is presented in this work. The radiation 
properties of the SRR working at its second resonance are 
exploited to design an RFID tag for the first time. The potential 
usefulness of the T-match based design methodology to achieve 
perfect matching between the SRR antenna and any typical RFID 
chip is demonstrated. A 0.23λ0  0.23λ0 tag has been fabricated. 
The measured read range is higher than 13 m within the whole 
UHF-RFID band with a peak value of 16 m at 915 MHz. 
 
Index Terms – Split-ring resonators (SRRs), radiofrequency 
identification (RFID), planar antennas, T-match network. 
I. INTRODUCTION 
ADIO frequency identification (RFID) is a wireless 
communication technology used to uniquely identify 
tagged objects, animals or people. Specifically, the use of 
UHF-RFID systems, which include frequencies between 864 
and 928 MHz [1], has experienced a rapid increase in the last 
years. A passive UHF-RFID tag consists of an antenna 
matched to a chip, which contains the information about the 
tagged item. UHF-RFID chips exhibit strongly capacitive input 
impedance and small resistance [2]; the real part ranging from 
15 to 50 Ω and the imaginary part from −100 to −400 Ω. In 
order to reduce tag cost and size, direct impedance matching 
techniques are usually preferred over adding an external 
matching network. However, it commonly requires the use of 
small antennas (k0a < 0.5, k0 being the resonance wavenumber 
and a the minimum radius of a sphere enclosing the antenna) 
that typically exhibit an input resistance lower than the chip 
resistance. Direct conjugate matching between the antenna and 
the chip can be achieved by optimizing the antenna geometry 
[3],[4], by changing the port position [5],[6], or by means of 
multiple-arm folded dipole configurations [7]. Due to their 
small size, the resulting tags are intrinsically narrow band. 
Conversely, broadband tags based on efficient antennas can be 
designed by properly increasing the antenna size [8]. However, 
they normally demand the use of matching structures which 
may degrade tag performance due to additional losses, and 
produce further increase in tag cost and size. Different 
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techniques to obtain good impedance matching by adding an 
external network can be found in the literature [9]-[12]. The 
most common procedure uses some variant of the T-match 
network [12]-[15], which adds an inductive component to the 
antenna input impedance able to compensate the capacitive 
impedance of the chip. The systematic methodology for 
designing T-match based UHF-RFID tags proposed in [14] 
presents three main advantages: (1) the simplicity of applying 
this method using a resonant antenna and a small structure for 
the T-match network, which produces an insignificant increase 
of tag cost and size, (2) the capability of independently control 
both the real and imaginary parts of the input impedance, 
maximizing the antenna efficiency η at the same time, and (3) 
the impact of the losses introduced by the T-match network on 
the antenna gain is negligible, as it will be shown later.  
The split-ring resonator (SRR) as a standalone radiating 
particle has already been used for passive RFID tag design. In 
[3] and [16], the radiating part is mainly the outer ring, and the 
inner ring acts as impedance matching. Two near-field tags 
based on the SRR were presented in [5]. In [4], the range of 
achievable impedances and radiation efficiencies of the SRR 
operating as tag antenna was explored, considering different 
geometrical configurations. The radiation properties of the 
SRR antenna were studied analytically in [6], and applied to 
the design of tags in [6], [17] and [18]. In [19], a two turns-
spiral resonator was analyzed and a quasi-isotropic tag was 
proposed. In the abovementioned articles the resonator works 
close to its fundamental resonance and the resulting tags are 
only able to operate within a narrow band, mainly due to its 
small size. In this paper, a new passive UHF-RFID broadband, 
efficient tag based on an SRR antenna operating at its second 
resonance, which allows improving the performance, is 
proposed. Moreover, the potentiality of the T-match based 
design procedure reported in [14] to achieve perfect matching 
with any typical RFID chip is demonstrated. 
II. TAG DESIGN 
In order to apply the T-match based tag design methodology 
presented in [14], a self-resonant antenna operating at f0 is 
required. To this end, the SRR operating at its second 
resonance is considered in this work. The topology of the SRR 
is shown in Fig. 1. An analytical expression for the efficiency 
of the SRR antenna (considering no dielectric) at the second 
resonance was reported in [20]. Such expression can be 
rewritten in a simpler form, by fixing the metal conductivity to 
that of copper (σ = 5.96·10
7
 S/m), the working frequency 
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Fig. 1.  (a) Sketch of the SRR. (b) Simulated electric current density 
distribution at the second resonance, f0, of the SRR antenna. 
 
f0 = 915 MHz (center of the USA band) and considering 
h >> 2 (h and  being the conductor thickness and the skin 
depth, respectively), a condition generally satisfied in the 













where the dimensions of the conductor width c and the SRR 
mean radius r0 are in mm. Typical values for the mean radius 
of an SRR operating at its second resonance are in the order of 
0.1λ0 (λ0 being the free-space wavelength at f0). Expression (1) 
suggests that reasonable values of c provide high antenna 
radiation efficiencies (e.g., η ≈ 98.6% for c = 2 mm and 
r0 =0.1λ0). In order to investigate the usefulness of the T-match 
based tag design procedure, an SRR antenna working at its 
second resonance was designed without supporting dielectric 
substrate. The SRR mean radius was set to r0 = 36.2 mm, i.e., 
approximately 0.1λ0. The strip width for both rings was chosen 
to be c = 2 mm. The separation distance between rings was set 
to d = 1.8 mm to locate the SRR second resonance at f0. An 
input port was placed at the center of the external ring (φ = 0º), 
where a current maximum i0 is expected to appear (see Fig. 
1a). The simulated input impedance, obtained with the 
Keysight Momentum software was found to be 70 Ω (similar to 
half-wave dipoles) at f0. The simulated radiation efficiency 
(98.6%) perfectly matches with the analytical value obtained 
from (1). A significant number (33) of RFID tags, achieving 
conjugate matching between the SRR antenna and 33 different 
chips were designed following the design steps provided in 
[14]. The conjugated input impedances seen from the chip 
were represented with black dots in a Smith Chart (see Fig. 
2a). It can be seen that most of the area describing the range of 
typical chip impedances (delimited by a curved trapezoid) was 
covered. This demonstrates that the T-match methodology 
proposed in [14] is useful to achieve perfect matching between 
the SRR antenna (or any other resonant antenna with similar 
impedance) and any typical RFID chip. 28 of the designed tags 
exhibited η > 95%, whereas 5 tags reached 90% ≥ η ≥ 95%.  
The presence of a dielectric substrate is required for tag 
implementation. It forces a decrease of r0 to keep the SRR 
second resonance at f0, giving rise to a reduction of (1). 
Therefore, a thin substrate with low relative permittivity 
(typically used in UHF-RFID tag design) should be considered 
in order to maintain high values of the antenna efficiency. 
Dielectric losses may also cause a decrease of the radiation 
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Fig. 2.  (a) Conjugated input impedances (normalized to 50 Ω) of the 33 
designed RFID tags (considering no dielectric substrate) in a Smith chart. The 
typical range of RFID chip input impedances is delimited by a curved 
trapezoid. (b) Simulated and measured input impedance of the SRR antenna. 
 
efficiency. In practice, however, most dielectric materials have 
a very small loss, including typical RFID substrates such as 
PET or paper. In fact, conductor loss is much more significant 
than dielectric loss at microwave frequencies [21]. Let us now 
consider a commercial integrated circuit (the Alien Higgs 3 
with SOT-323 packaging) for the RFID tag. The input 
impedance of this chip at the operating frequency f0 provided 
by the manufacturer is ZC = 24.5−j190 Ω. An RFID tag based 
on an SRR antenna working at its second resonance was 
designed on a commercial low loss microwave substrate, the 
Arlon CuClad 250LX with dielectric constant r = 2.43, loss 
tangent tanδ = 0.0018, and thickness hs = 0.49 mm. This 
substrate provides a copper metallization layer of thickness 
h = 35 µm. The geometrical parameters of the SRR antenna 
(see Fig. 1) are r0 = 34 mm, rA = 35.8 mm, rB = 32.2 mm, 
c = 2 mm, and d = 1.6 mm. The width of the cuts in each ring 
was set to 5 mm. The simulated input impedance is shown in 
Fig. 2(b). The antenna resonance is located at f0 and exhibits 
an input resistance Ra = 65 Ω. The simulated current 
distribution of the SRR antenna at f0 is depicted in Fig. 1(b). 
The electric current in the inner and outer rings flows in 
opposite directions, indicating that the SRR operates at its 
second resonance [20]. The layout of the designed tag is 
depicted in the inset of Fig. 3. The strip width of the T-match 
network (thin loop in Fig. 3) was set to 0.3 mm. According to 
the matching procedure, the length of the loop was found to be 
45.3 mm, and the SRR antenna was connected to the T-match 
18 mm away from the chip position. The simulated power 
reflection coefficient of the designed RFID tag (see Fig. 3) 
exhibits perfect matching at f0. The simulated radiation pattern 
is shown in Fig. 4(a). As expected, the radiation pattern in the 
E-plane (φ = 90º) corresponds to the radiation from an electric 
dipole oriented towards the y-axis. The radiation over the H-
plane (φ = 0º) exhibits a slightly bi-directional pattern, due to 
the array effect along the x-direction associated to the SRR 
size [20]. Consequently, the simulated directivity of the tag 
(2.5 dB) is a bit higher than the value expected from an 
elemental electric dipole (1.76 dB). The simulated radiation 
efficiency of the tag at f0 (η = 87%) is slightly lower than the 
value (95.7 %) from the simulated SRR antenna. 
Cross-polarization of the radiated fields is expected due to 
the presence of a residual magnetic moment along the axial 
direction (z-axis). Its maximum contribution is located within 
the yz-plane, more specifically along the y-axis (θ = ±90º). In 
(b) (a) (b) (a) 
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Fig. 3.  Simulated and measured power reflection coefficient of the designed 
tag (inset). The UHF-RFID frequency band is depicted in gray. 
 
such direction, the cross-polarization level (normalized to the 
maximum value of the co-polar component), assuming no 














Very low cross-polarization levels (XPOL < −21.5 dB) were 
obtained from electromagnetic simulation (see Fig. 4a), which 
is in very good agreement with the value (XPOLmax = −20 dB) 
predicted by (2). Fig. 4(b) shows the simulated axial ratio in 
the yz-plane. It can be observed four regions depicted in gray, 
where the axial ratio AR remains lower than a certain level, 
AR0 = 10 dB, which can be considered for elliptical 
polarization. Since the co-polar radiation is proportional to 
cos
2
(θ) and the cross-polar is proportional to sin
2
(θ), the angle 











]. Each of 
these regions contain the specific angle where circular 









 + π]}. With the 
help of (2) it was found that Δθell = 13º and θc = {84º, −84º, 
96º, −96º}, which are in good agreement with the simulation 
results. It was verified from simulation that, for values of AR0 
close to 10 dB, each of the mentioned regions describes 
approximately a cone in the radiating sphere. Each conical 
zone subtends a solid angle of 0.04 sr. Therefore, the radiated 
fields of the proposed tag can be considered linear (as 
commonly desired) on 98.7% of the radiating sphere. 
III. EXPERIMENTAL RESULTS 
Figure 5(a) shows a photograph of the fabricated tag 
prototype. The isolated SRR antenna was also fabricated (see 
Fig. 5b) for comparison purposes, where the T-match network 
of the proposed tag was replaced by an SMA connector and an 
SMD packaged balun, to provide differential excitation. The 
measured input impedance of the SRR antenna is depicted in 
Fig. 2(b). Good agreement between simulated and 
experimental results was achieved. The measured radiation 
pattern is depicted in Fig. 4(a). It can be seen, by comparison 
with the tag simulation, that the presence of the matching 
network does not produce a significant variation in the 
radiation pattern. The simulated tag gain at resonance 
(Gr = 1.9 dB) is slightly lower than the measured SRR antenna 
gain (2.3 dB). Thus, we can conclude that loss introduced by 
the T-match network is not significant in terms of gain. 
The measured power reflection coefficient of the tag 
prototype (Fig. 3) was obtained by means of a co-simulation of 
 
Fig. 4.  (a) Radiation pattern (normalized to the simulated tag gain, 
Gr = 1.9 dB) in the E-plane (φ = 90º) and H-plane (φ = 0º) of the simulated T-
match-based tag, compared to the measured radiation pattern of the fabricated 
SRR antenna (CP and XP stands for co-polar and cross-polar components, 
respectively), and (b) simulated axial ratio in the yz-plane (regions of low 
axial ratio (< 10 dB) in gray) of the tag, at f0 = 915 MHz. 
 
the measured input impedance of the SRR antenna and the 
simulated T-match network. Simulated and experimental 
results are in good agreement. Simulated efficiency as well as 
gain, evaluated at f0 and also at both frequency band 
boundaries, are presented in Table I. A small variation of less 
than 1 dB is obtained within the whole UHF-RFID band. The 










  (3) 
where λ is the wavelength and EIRP is the equivalent 
isotropically radiated power, determined by local country 
regulations (e.g., 3.3 W in Europe and 4 W in USA). Pchip is 
the minimum threshold power necessary to activate the RFID 
chip (the typical value for the Alien Higgs 3 chip with SOT-
323 packaging is −17 dBm) and τ is the power transmission 
coefficient, which is related to the power reflection coefficient 
|s|
2
 by  = (1−|s|2). The experimental read range was obtained 
in a TEM cell environment as reported in [6] The tag 
prototype exhibits a read range (Fig. 6) higher than 13 m 
within the whole UHF-RFID band with a peak value of 16 m 
at f0 = 915 MHz. The read range of a commercially available 
tag (the Alien ALN-9640) is also shown in Fig. 6 for 
comparison purposes. This tag is based on a meandered half-
wavelength dipole antenna matched to the Alien Higgs 3 chip 
with no packaging (Pchip = −18 dBm, i.e., 1 dB lower than the 
chip considered in this work) by means of a T-match network. 
The length (in the direction of the radiating electric dipole) of 
the proposed tag (75 mm) is lower than the length of the Alien 
ALN-9640 tag (95 mm). Although our fabricated tag has a 
higher chip threshold power, it exhibits a substantially superior 
read range within the UHF-RFID frequency band. This is 
because the presented tag takes advantage of its higher area, 
producing an array effect that enhances the directivity. 
Measurements placing the proposed tag over different 
materials, specifically using 16 cm x 10 cm x 0.2 cm boards 
made of metal (with a 2 cm HDPE foam separation), 
cardboard paper, wooden, and acrylic plastic, were also 
carried out (see Fig. 6). These materials shift down the 
operating frequency band and decrease the read range. 
However, it is still sufficiently high for many applications. For 
further investigation, an experimental measurement of the tag 
prototype in free space was performed in a realistic scenario 
(a) (b) 





Fig. 5.  Photograph of the fabricated (a) tag prototype (the chip is 
emphasized) and (b) SRR antenna (the SMD-packaged balun is emphasized). 
TABLE I 
SIMULATED GAIN AND RADIATION EFFICIENCY OF THE PROPOSED TAG 
Freq.(MHz) 864 915 928 
Gain (dB) 1 1.9 1.7 
η (%) 72 87 84 
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Fig. 6.  Experimental read range of the fabricated tag placed over different 
materials. Comparison with the Alien ALN-9640 tag in free space. The UHF 
RFID frequency band is depicted in gray. 
 
consisting in a laboratory (6 m x 6 m x 3 m height with 
plasterboard walls and ceiling, and ceramic floor) containing 
several tags and plenty of furniture, giving rise to multipath 
propagation. A commercial Motorola FX7400 UHF-RFID 
reader with an output power of 25 mW (14 dBm) matched to a 
half-wave dipole antenna with a gain of 1.64 (2.15 dBi) was 
used. The measured read range (normalized to EIRP = 4W) 
was 13.1 m and 16.4 m at the central frequency of the 
European band (867 MHz) and USA band (915 MHz), 
respectively. The results are in good agreement with the read 
range measured using the TEM cell. 
IV. CONCLUSION 
In this paper, a new passive UHF-RFID broadband tag 
based on an SRR antenna, matched to a commercial RFID chip 
by means of the T-match network, is presented. The SRR 
antenna was designed to operate at its second resonance to 
take advantage of its potential radiation properties. Moreover, 
it has been demonstrated that the T-match network can be used 
to achieve perfect matching between the SRR antenna (or any 
other resonant antenna with similar impedance) and any 
typical RFID chip. Although the size (0.23λ0  0.23λ0) of the 
proposed tag is higher compared to SRR based tags reported in 
the literature, the main benefits of using the SRR antenna 
working at its second resonance are that higher bandwidth, 
radiation efficiency, and better linear polarization can be 
achieved. The fabricated tag prototype exhibits dipole-like 
radiation, linear polarization and a read range higher than 13 m 
within the whole UHF-RFID frequency band with a peak value 
of 16 m at 915 MHz. The results reveal that the proposed tag 
is very competitive and particularly useful for tagging small 
items with circular shape. 
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